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(57) ABSTRACT 

Provided are apparatus and methods for forming a multidi 
mensional image of inanimate or animate objects Which 
utiliZe a magnetization source (112) to magnetiZe a volume 
of an object to be imaged, a radiation source (118) for 
applying a radiation ?eld to the object to be imaged, an 
output signal detector (120) for producing output signals in 
response to the secondary radiation at a plurality of spatial 
locations outside of the object as a function of time, pro 
cessors (126, 126a and 126b) for determining a plurality of 
Fourier components, for associating the Fourier components 
due to each voXel (14) by phase, and for converting each set 
of components into a voXel location, and an image processor 
(128) for producing an image. 
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4 DIMENSINAL MAGNETIC RESONANCE 
IMAGING 

[0001] This application claims priority to Us. provisional 
application serial No. 60/226,667, ?led on Aug. 22, 2000, 
the complete disclosure of Which is incorporated herein by 
reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to method and apparatus for 
imaging an object, such as a body. More particularly, the 
invention provides high resolution, real-time images in 4 
dimensions With little or no deterioration from motion 
artifact. 

BACKGROUND OF THE INVENTION 

[0003] Nuclear Magnetic Imaging (AMR) Which is com 
monly called magnetic resonance imaging 1) entails 1.) 
magnetiZing a volume With a constant primary magnetic 
?eld in a Z-direction, 2.) providing a gradient along the axis 
of the Z-directed ?eld to select a slice in the xy-plane, the 
plane perpendicular to the direction of the primary ?eld, 3.) 
providing electromagnetic radiation resonant With the Lar 
mor frequency of protons in the slice, 4.) providing a pulse 
of resonant electromagnetic radiation to ?ip the magnetiZa 
tion vector into the transverse plane or plane of the slice, and 
5.) applying a magnetic ?eld gradient along an axis in the 
xy-plane of the Z-directed ?eld With excitation at the Larmor 
frequency to provide phase dispersion of the NMR signal 
along the axis to encode spatial information, and 6.) record 
ing the free induction decay (FID) radio emission signals 
folloWing excitation, 7.) recording a plurality of such FIDs, 
each recorded folloWing an excitation With a rotated direc 
tion of the gradient in the xy-plane, and 8.) reconstructing 
the image from the plurality of the FIDs. An integer n of 
FIDs each having a phase gradient that corresponds to the 
magnetic ?eld gradient that Was rotated to n unique direc 
tions in the xy-plane comprise a set along tWo orthogonal 
axes in phase or k-space. A tWo dimensional Fourier trans 
form of the data set is used to reconstruct an n by n pixel 
image. 
[0004] MRI is of primary utility in assessing brain 
anatomy and pathology. But long NMR relaxation times, a 
parameter based on hoW rapidly excited nuclei relax, have 
prevented NMR from being of utility as a high resolution 
body imager. The most severe limitation of NMR technol 
ogy is that for spin echo imaging n, the number of free 
induction decays (“FIDs”), a nuclear radio frequency energy 
emitting process, must equal the number of lines in the 
image. A single FBD occurs over approximately 0.1 sec 
onds. Not considering the spin/lattice relaxation time, the 
time for the nuclei to reestablish equilibrium folloWing an 
RF pulse, Which may be seconds, requires an irreducible 
imaging time of n times 0.1 seconds, Which for 512x512 
resolution requires approximately one minute per each tWo 
dimensional slice. This represents a multiple of 1500 times 
longer that the time that Would freeZe organ movements and 
avoid image deterioration by motion artifact. For example, 
to avoid deterioration of cardiac images, the imaging time 
must not exceed 30 msec. A method for speeding NMR 
imaging ?ips the magnetiZation vector of the nuclei by less 
than 90 degrees onto the xy-plane, and records less FIDs. 
Such a method, knoWn as the ?ash method, can obtain a 
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128x128 resolution in approximately 40 seconds. Another 
technique used to decrease imaging time is to use a ?eld 
gradient and dynamic phase dispersion, corresponding to 
rotation of the ?eld gradient, during a single FID to produce 
imaging times typically of 50 msec. Both methods produce 
a decreased signal-to-noise ratio (“SNR”) relative to spin 
echo methods. The magnitude of the magnetiZation vector 
Which links the coil is less for the ?ash case because the 
vector is ?ipped only a feW degrees into the xy-plane. The 
echo-planar technique requires shorter recording times With 
a concomitant increase in bandWidth and noise. Both meth 
ods compensate for decreased SNR by increasing the voxel 
siZe With a concomitant decrease in image quality. Physical 
limitations of these techniques render obtaining high reso 
lution, high contrast vascular images impractical. 

SUMMARY OF THE INVENTION 

[0005] It is an object of the invention to provide high 
resolution multi-dimensional images of an object, such as a 
body, tissue, or Working cardiopulmonary system. 

[0006] It is a further object of the invention to rapidly 
acquire the data to provide magnetic resonance images of a 
body With reduced motion artifacts. 

[0007] These and other objects of the invention are 
attained by providing an apparatus for obtaining a magnetic 
resonance image of a body using data acquired over the three 
spatial dimensions plus time, rather than acquiring data only 
in time at one receiving antenna Apreferred embodiment of 
the apparatus of the invention includes a radiation source for 
applying a ?rst radiation ?eld having a magnetic component 
to the body, to magnetiZe the body. The apparatus further 
includes a source for applying a second radiation ?eld to the 
body, to elicit a radiation ?eld from the body. A detector 
senses this radiation ?eld, and produces a signal that a 
reconstruction processor employs to create the magnetic 
resonance image of the body. 

[0008] A NMR image is obtained of a magnetiZed body 
from a three-dimensional map of the intensity variation of 
the NMR signal produced by each voxel of the magnetiZed 
body, and detected over a three-dimensional volume of 
space external to the body, herein referred to as the “sample 
space.” The data is acquired over three spatial directions 
plus time. In an embodiment, the NMR signals are detected 
over a three dimensional detector array as a function of time. 
The NMR signals may be sampled at least at the Nyquist 
rate, i.e., at a rate that is tWice the highest temporally 
frequency of the NMR signal and tWice the highest spatial 
frequency the Fourier transform of the NMR image of the 
phantom. Sampling at the Nyquist rate or higher alloWs the 
spatial variations of the external NMR signal to be acquired. 

[0009] In an embodiment, the NMR signal at each detector 
as a function of time is processed by a method such as a 
Fourier transform operation to give a plurality of Fourier 
components each having the same frequency, an intensity 
and a phase angle. The NMR signal of each voxel at any 
given detector gives rise to a Fourier component With a 
unique phase angle relative to the Fourier component of any 
other voxel of the phantom at that detector. The set of 
Fourier components that correspond to the NMR signal of a 
given voxel over the detectors is determined. This may be 
achieved by using a ?rst component having a phase angle 
and calculating the phase angle as a function of spatial 
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position of the ?rst detector relative to any other detector and 
identifying the component at each detector having the cal 
culated phase angle. The sets are determined for all of the 
voxels. A NMR image is obtained from the sets Wherein 
each set of Fourier components comprises a three-dimen 
sional map of the intensity variation of the NMR signal 
produced by each voxel of the magnetiZed body. This 
practice of the invention preferably employs a Fourier 
transform algorithm, described in Fourier Transform Recon 
struction Algorithm Section, to determine the spatial loca 
tion of each voxel from the corresponding set of Fourier 
components comprises a three-dimensional map of the 
intensity variation of the NMR signal produced by each 
voxel of the magnetiZed body over the sample space. This is 
repeated for each set to form the NMR image of the object. 

[0010] NMR images produced according to prior art meth 
ods and systems rely on applying an additional magnetic 
?eld in the direction of the primary ?eld having a gradient 
along an axis in the transverse plane to cause a phase 
variation of the NMR signal along the axis in the transverse 
plane. The direction axis of the gradient is varied a plurality 
of times to gives rise to an equivalent number of lines in the 
reconstructed image. In the present invention, the unique 
phase variation of the NMR signal is provided by the 
combination of 1.) the angle 0 suspended betWeen the 
direction of the detector and the radial vector, the vector 
from the dipole to the detector, and 2.) the angle 4) due to a 
separation distance r betWeen a voxel and a detector given 
by the Wavenumber of the RF ?eld k times r. 

[0011] My prior inventions disclosed in US. Pat. No. 
5,073,858 and US. patent application Ser. No. 09/191,454, 
the complete disclosures of both Which are incorporated 
herein by reference, are in part based on the realiZation that 
matter having a permeability different from that of free space 
distorts a magnetic ?ux applied thereto. This property is 
called magnetic susceptibility. An object, herein called a 
phantom, can be considered as a collection of small volume 
elements, herein referred to as voxels. When a magnetic ?eld 
is applied to the phantom, each voxel generates a secondary 
magnetic ?eld at the position of the voxel as Well as external 
to the phantom. The strength of the secondary magnetic ?eld 
varies according to the strength of the applied ?eld, the 
magnetic susceptibility of the material Within the voxel, and 
the distance of the external location relative to the voxel. For 
example, my US. Pat. No. 5,073,858 and US. application 
Ser. No. 09/191,454 teache that the net magnetic ?ux at a 
point extrinsic to a phantom to Which a magnetic ?eld is 
applied, is a sum of the applied ?eld and the external 
contributions from each of the voxels. The ’858 patent 
further teaches sampling the external ?ux point by point and 
employing a reconstruction algorithm, to obtain the mag 
netic susceptibility of each voxel from the sampled external 
?ux. 

[0012] Unlike the ’858 patent that relies on a static 
response from a magnetiZed body to determine the magnetic 
susceptibility of the body, my invention disclosed in US. 
patent application Ser. No. 09/191,454 elicits a radiative 
response from a magnetiZed body by subjecting the body to 
a resonant radiation ?eld. One embodiment of the ’454 
invention generates a three-dimensional magnetic suscepti 
bility image of an object including a patient placed in a 
magnetic ?eld from a three dimensional map of a radio 
frequency (RF) magnetic ?eld external to the patient, 
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induced by subjecting selected nuclei of the body to a 
resonant RF ?eld. Application of an RF pulse to the body 
causes the body to emit the RF magnetic ?ux external to the 
body. A Fourier transform of this external ?ux produces its 
frequency components (“Larmor frequencies”). Each Lar 
mor frequency is used to determine the magnetic suscepti 
bility of the voxels of the body producing that Larmor 
frequency. Further, the intensity variation of the external RF 
?eld over a three-dimensional volume of space is used to 
determine the coordinate location of each voxel. 

[0013] One practice of the inventions disclosed in my US. 
Pat. No. 5,073,858 and US. patent application Ser. No. 
09/ 191,454 obtains a three-dimensional magnetic suscepti 
bility map of a magnetiZed body from a three-dimensional 
map of a secondary magnetic ?ux produced by the magne 
tiZed body, and detected over a three-dimensional volume of 
space external to the body, herein referred to as the “sample 
space.” The extrinsic magnetic ?ux is sampled at least at the 
Nyquist rate, i.e., at tWice the spatial frequency of the 
highest frequency of the Fourier transform of the magnetic 
susceptibility map of the phantom, to alloW adequate sam 
pling of spatial variations of the external magnetic ?ux. This 
practice of the inventions preferably employs a Fourier 
transform algorithm, described in Fourier Transform Recon 
struction Algorithm Section, to form the magnetic suscep 
tibility map of the object. 

[0014] The present invention relates to systems for pro 
viding images of distributions of a quantity, in a chosen 
region of the body, by gyromagnetic resonance, particularly 
nuclear magnetic resonance (NMR) techniques. Such tech 
niques may be used for examining bodies of different kinds. 
A particularly bene?cial application is the examination of 
patients for medical purposes. Unlike my US. Pat. No. 
5,073,858 and US. patent application Ser. No. 09/191,454, 
the present invention employs nuclear magnetic resonance 
(NMR) to induce a magnetiZed phantom of essentially 
constant magnetic susceptibility to emit an external radiation 
having a magnetic ?eld component. In particular, applica 
tion of an RF pulse, resonant With selected nuclei of a 
magnetiZed body, can polariZe the nuclei through rotation of 
their magnetic moments. The polariZed nuclei Within a voxel 
precess about the local magnetic ?eld in the voxel at a 
Larmor frequency determined by the applied magnetic ?eld 
at position of the voxel. The superposition of external RF 
?elds produced by all the voxels of the body creates the total 
external RF ?eld at each detector that is time dependent. The 
external RF ?eld recorded at the detectors as a function of 
time contains components each having a unique phase angle 
relative to other components. Each component corresponds 
to an emitting voxel of the phantom. The time dependent 
signal at each detector may be transformed into a series of 
components having intensity and phase data. Each set of 
components of the NMR signal over the sample space due 
to a given voxel is determined from the phase data and the 
detector positions. The spatial variation of the NMR signal 
over the sample space is used to determine the location of 
the voxel in the phantom. This is repeated for all sets of 
components, each corresponding to a voxel to reconstruct 
the NMR image. 

[0015] The radiation source for magnetiZing a body to be 
imaged can be a direct current (“DC”) magnet, including a 
superconducting magnet. The radiation sources and ampli 
?ers for applying an RF pulse to the magnetiZed body are 
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Well known in the art, and include, but are not limited to, 
klystrons, backward Wave oscillators, Gunn diodes, Travel 
ing Wave Tube ampli?ers. A preferred embodiment of the 
invention employs a three dimensional array of antennas as 
detectors for sensing the external RF ?eld. 

[0016] One practice of the invention detects the external 
RF ?eld in the near ?eld region Where the distance of a 
detector sensing radiation from a voxel at a distance r from 
the detector is much smaller than the Wavelength )L of the 
radiation emitted by the voxel, i.e., I'<<>\. (or kr<<1). The 
near ?elds are quasi-stationary, that is they oscillate har 
monically as e_i‘”t, but are otherWise static in character. 
Thus, the transverse RF magnetic ?eld of each voxel is that 
of a dipole. In one embodiment, an array of miniature RF 
antennas sample the external RF ?eld over a three-dimen 
sional volume of space that can be either above or beloW the 
object to be imaged. The distance r of the detector from the 
voxel gives rise to the phase term e'ikr of the component of 
the detected RF signal Where k is the Wavenumber of the 
NMR signal. The harmonic oscillation of each RF dipole is 
equivalent to the dipole rotating in the transverse plane. The 
detector is responsive to a component in this plane. At a 
point in time, each RF dipole is directed at an angle 0 
relative to the direction of detection of the detector. The 
phase angle 0 of the RF dipole relative to the direction of 
detection axis of the detector gives rise to a phase angle term 
e_ie. In a preferred embodiment, the sum of the phase angles, 
kr and 0, are unique for each voxel at each detector. The 
position of each detector relative to a different detector may 
be used to calculated the phase angle of the second relative 
to the ?rst. This may be repeated over all of the detectors to 
give the set of intensities of the NMR signal over the sample 
space due to a voxel. The location of each voxel is deter 
mined through the spatial variations of the intensity of the 
NMR ?eld of the set of components associated by phase. 
Thus, the phase of the components of the external RF 
radiation, and the intensity variations of the external RF 
radiation provide the necessary information for providing a 
NMR image of the magnetiZed phantom, such as a human 
body. Such a NMR image can be employed to obtain 
anatomical images of a human body based on selected 
physiological parameters. 

[0017] In an embodiment of the present invention, the 
NMR image of an object including a patient placed in a 
magnetic ?eld is generated from a three-dimensional map of 
the transverse resonant radio frequency (RF) magnetic ?ux 
external to the patient. The external RF ?eld recorded at the 
detectors as a function of time contains components each 
having a unique phase angle relative to other components. 
Each component corresponds to an emitting voxel of the 
phantom. The time dependent signal at each detector may be 
transformed into a series of components having intensity and 
phase data Each set of components of the NMR signal over 
the sample space due to a given voxel is determined from the 
phase data and the detector positions. The intensity variation 
of the transverse RF ?eld over the sample space is used to 
determine the coordinate location of each voxel. The RF 
?eld is the near ?eld Which is a dipole that serves as a basis 
element to form a unique reconstruction. The geometric 
system function corresponding to a dipole Which determines 
the spatial intensity variations of the RF ?eld is a band-pass 
for kp=kz. Preferably, each volume element is reconstructed 
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independently in parallel With all other volume elements 
such that the scan time is no greater than the nuclear free 
induction decay (FID) time. 

Secondary Magnetic Field 

[0018] The magnetic moment mZ of each voxel is a mag 
netic dipole. And the phantom can be considered to be a 
three-dimensional array of magnetic dipoles. At any point 
extrinsic to the phantom, the Z-component of the secondary 
?ux, B‘, from any single voxel is 

[0019] Where x, y, and Z are the distances from the center 
of the voxel to the sampling point. It is shoWn in APPEN 
DICES I-IV that no geometric distribution of magnetic 
dipoles can give rise to Eq. Therefore, the ?ux of each 
magnetic dipole (voxel contribution) forms a basis set for 
the ?ux of the array of dipoles Which comprise the NMR 
image of the phantom. 

[0020] Eq. (1) is a system function Which gives the mag 
netic ?ux output in response to a magnetic dipole input at the 
origin. The phantom is an array of spatially advanced and 
delayed dipoles Weighted according to the magnetic moment 
of each voxel; this is the input function. The secondary ?ux 
is the superposition of spatially advanced and delayed ?ux, 
according to Eq. (1); this is the output function. Thus, the 
response of space to a magnetiZed phantom is given by the 
convolution of Eq. (1) With the series of Weighted, spatially 
advanced and delayed dipoles representing the NMR image 
of the phantom. 

[0021] In Fourier space, the output function is the product 
of the Fourier transform (FT) of the system function and the 
FT of the input function. Thus, the system function ?lters the 
input function. The output function is the ?ux over all space. 
HoWever, virtually all of the spectrum (information needed 
to reconstruct the NMR image) of the phantom exists in the 
space outside of the phantom because the system function is 
essentially a band-pass ?lter. This can be appreciated by 
considering the FT, H[kp,kz], of Eq. (1): 

[0022] Where kp is the spatial frequency in the xy-plane or 
-plane and kz is the spatial frequency along the Z-axis. 

H[kp,kz] is a constant for kp and kz essentially equal as 
demonstrated graphically in FIG. 1c. 

Band-Pass Filter 

[0023] When a static magnetic ?eld HO With lines in the 
direction of the Z-axis is applied to an object comprising a 
material containing nuclei such as protons that possess 
magnetic moments, the ?eld magnetiZes the material. As a 
result a secondary ?eld superposes the applied ?eld as 
shoWn in FIG. 9. In the applied magnetic ?eld, the magnetic 
























































































































